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The mode group diversity multiplexing (MGDM) multicast technology uses 
optical multiple input and output (O-MIMO) technology to provide greater 
capacity and the ability to transmit information over multi-mode fiber 
(MMF). The MGDM system has a benefit in terms of capacity expansion, 
which led to interest in its use in most optical communications. The MGDM 
exploits the optical fiber bandwidth by inserting spatial light detection, 
which increases the capacity of the MMF. This research aims to study the 
optical systems used for the MGDM technology, and to identify the methods 
of their analysis and design of O-MIMO systems to increase the amplitude 
of this signal. The conditions of light entry into the optical fiber such as 
typical spot size, radial displacements, angle, wavelength, and radius of the 


MATLAB detectors sections are improved. Numerical MATLAB simulation is used to 
MGDM improve the amplitude of graded index multimode fiber (GI-MMF) and 
Optical channels compared to the existing aggregation systems. Moreover, this method was 
SNR simulated to improve the input and detection conditions to increase the O- 
MIMO capacity using the MGDM technique. Finally, the capacity of the 
MGDM system was studied and compared with different channels, and it is 
noticed that the capacity of the system increases with increasing the number 

of channels. 
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1. INTRODUCTION 

In modern local area network (LAN), the graded index multimode fiber (GI-MMF), is one of the 
basic types of optical fibers used for communication systems [1]-[3]. Due to its very large bandwidth, it is 
the primary transmission medium that provides broadband services using aggregation techniques. Among 
these technologies, the mode group diversity multiplexing (MGDM) represents a method for integrating 
various services across the multi-mode fiber (MMF), by inducing different sets of modes, which can be used 
as independent and parallel communication channels [4]-[7]. Wireless multi-input multi-output (MIMO) 
systems became that the transmitter diversity and receiver diversity widely used to counter multipath fading 
[8], [9]. It is possible to reduce the probability of error and ensure a reliable connection. By sending signals 
from several antennas or receiving signals with multiple antennas simultaneously [10], [11]. For a spatial 
multiplex system, the channel state information represents the information about the current value of the 
matrix, which is a mathematical value that expresses the channel signal, and then this information is used by 
predicting the effect of the channel [12]. 

Increasing the bandwidth as well as improving the signal quality is one of the most important 
problems facing the MMF optical fiber. There are several techniques which have been studied and applied in 


Journal homepage: http://beei.org 


3362 O ISSN: 2302-9285 


the MME optical fiber bandwidth optimization. The first technique is applied to increase the channel capacity 
such as optical code division multiple access (QCDMA) and optical time division multiplexing (OTDM) 
techniques as in [13]. It has been illustrated hybrid optical systems of OCDMA and OTDM to get an 
increasing in the number of simultaneous users. It is shown that it can get wide-band facility by using 
different channels of the OTDM system. The second one, which is used the orthogonal frequency division 
multiplexing (OFDM), MIMO, and radio over-fiber (ROF) as reported in [14]. This work focused on 
improving the signal transmitted quality using three above technologies. It was obtained higher bandwidth in 
high speed railway HSR communications as well as improving the signal transmitted quality. In the last 
method, it is used MGDM technique as studied in [15]. This work is found the transmission capacity by using 
2x2 MGDM technique through changing the injection parameters in the MMF optical fiber and using MIMO 
systems. 

The aim of this work is to use 2x2, 3x3, and 4x4 MGDM technology and MIMO systems in MMF 
optical fiber, which was developed in the field of wireless communications by Chain and is known as basic 
local alignment search tool (BLAST). By adjusting the injection coefficients and changing the optical fiber 
length, to increase the transmitter channel capacity. It is obtained by increasing the channel capacity as 
increasing the number of channels. This work is organized as follows: section two is related to theory of the 
proposed method. The simulation results are discussed in section three. Finally, the conclusions are presented 
in section four. 


2. THE PROPOSED METHOD 

The MGDM aggregation channel is suitable for the wireless transmission channel named (BLAST). 
Optical data is sent for each user or service using a single-mode fiber of less than or equal to (1 m) in length, 
which determines the typical spot size (w) used on the input of the MMF fiber shown in (Figures 1(a) and 
1(b)) [16], [17]. The arrival of the single-mode fiber with the MMF fiber on the transmitter side is using a 
light-coupler fiber (fiber connecter) [18], [19]. The receiver works through a lens which placed on the output 
of the fiber to receive the near right on an integrated optoelectronic circuit consisting of light detectors and 
amplifiers. There are several possible techniques to implement the transmitter and receiver in the MGDM 
system. 
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Figure 1. Determines the typical spot size (w) (a) the transmitter structure on the transmitter face of the 
optical fiber for SMF and (b) induction engineering of the MMF fiber through a diving field 


The channel capacity for the matrix H is given in this expression [20]: 

C = B.log2(det [Ivp + HH") (1) 
Where B is bandwidth of the fiber; Jyp is identity matrix NXN; 7 is signal to noise ratio SNR, M is number 
of the mode in the MMF; H H* is the conjugate transport. 

I (S, L)=f(E, S) (2) 


Where I is the electromagnetic field that is determined at a distance L in the MMF fiber with Cartesian 
coordinates. The mathematical model for amount propagation in a multimode fiber uses the Helmholtz 
equation: 


‘eae ate KGW Pig = Buv Pay (3) 
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This equation describes the propagation of the electromagnetic field in Cartesian coordinates in a 
material described by the level of permeability u and permittivity €. 


Ewy,z) = x anv Cae (x, y)exp [-i Bu» (z)| (4) 


Where (u,v) is the electromagnetic field mode; a,,,(Z) is pattern amplitude; ¥,,(x,y) is the field of the 
propagation; „v is the propagation constant. 


2a 


Wo = Renova e) 


Where Wo is the beam waist; W is the spot size; a is the profile parameter that gives the profile properties of 
the refractive index of the fiber core, KO=27/A 


Buy = Ie (6) 
Where: v = 1,2,3, ..... 

auv (0) = ff Ein ¥)Puv yuzdxdy (7) 
Where u, is a ray in the direction of the z-axis for MMF. 

Ayy(Z) = Ay y(O)exp (-Ypy(Z) (8) 
Where y,,,, is the damping coefficient, 

m=u+v+1 (9) 
This equation represents the set of modes with the same propagation constant. 

Pn (0) = E73 |um—wal = f(D, W, Wo, 8 (10) 


The induced patterns change according to the displacement D, measurement of spot size w, angle 0, 
and fiber specifications MMF [21], [22]. The MGDM technology works on the use of N independent optical 
transmitters on one side of the transmitter and M receiver on the other end so that (M=N). The platform 
concept of the MGDM system that shown in Figure 2. In the input side of the MMF, the N lasers as the laser 
array shoot different signals to N different mode groups. On the receiving side, the M detectors detect the 
power mix of several mode groups [23], [24]. 


signal signal 
processing N lasers M detectors processing 
feedback 
Ninput data ail laser N recovered 
streams data streams 


Figure 2. Photovoltaic system architecture using MGDM technology 


If there are N inputs and M outputs, then the dimensional transport matrix (NXM) describes the 
propagation channel within the fiber [25]. The relationship between M is a received electrical signal (y). N is 
a transmitted electrical signal, Si, written in the form of a matrix [26], [27]: 


Y=Hs+n (11) 
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Yı Ay, H2 Hin] [51 ny 
Y, — Hoa H22 N Maw - + a (12) 
Yy Ay, Hy2 .. Hynd LSN Ny 


Where Y is the received signal; s is the transmitted signal; n is the noise that added to the signal 


ee 1;(SjL) 
J 1,(S,L) 


(13) 


Where J; is the intensity of the luminous flux produced by the transmitter and is measured by the output of 


the fiber length L; Si is detector cross-sectional area measured at the fiber output; S is the total area of the 
fiber core. 


3. RESULTS AND DISCUSSION 

Figure 3 shows a simulation to find the value of the capacity versus the signal-to-noise ratio SNR and 
compare it for SISO and MGDM systems for a different number of channels. It is noticed that the capacitance 
increases significantly for a system MGDM (2X2), MGDM (3X3), MGDM (4X4) as compared with the system 
SISO. In the 3x3 MGDM system, three independent channels are transmitted in the GI-MMF (62.5/125) um fiber 
by injecting light at three radiative displacements (F=0, 13, 26 um), as shown in Figure 4, which shows that the 
higher the displacement. The light induction was of a high order, as it receives the light signals at the output 
of the fiber according to the radiative displacements within different regions. The near field model (NFP) is 
linked to the condition of selective induction at the input of the fiber. The NFP was detected. The output of 
the optical fiber with a length of L=75m was done by placing LEDs in front of each circular region or each 
sector related to the modular group induced on the fiber input according to a specific displacement. 


The MGDM channel capacity versus SNR, and comparison with a SISO channel. 
30 


capacity[bit/sec/Hz] 


SNR[dB] 


Figure 3. The relationship between the capacity with SNR for the MGDM & SISO channel 


F=0um F=13um F=26um 


Figure 4. Near field diagram of a 75 m long MMF fiber on the output face of several radial displacements 


Figure 5 shows the relationship between the power and number of the modes with several values of 
displacement D and spot size W. It is recorded the following points: i) When D=10 um, a fiber (GI-MMF) 
(62.5/125) um, wavelength=850 um, core refractive index=1.5, L=100m, W=4 um, 6 um. Lower order 


Bulletin of Electr Eng & Inf, Vol. 11, No. 6, December 2022: 3361-3367 


Bulletin of Electr Eng & Inf ISSN: 2302-9285 O 3365 


patterns were induced at W=6 than at W=4, but with lower power amplitude, and ii) when D= 20 um, a fiber 
(GI-MMF) (62.5/125) um, wavelength=850 um, core refractive index =1.5, L=100m, W=4 um, 6 um, 8 um. 
In this case, high-order patterns are induced. It is noticed that decreasing in the ability of the induced patterns 
at a larger W=8 um value. It can be seen that decreasing in the distributed modular power with an increasing 
in the radiated displacement D. 

Figure 6 shows the comparison the power distribution of the patterns when taking the two highest 
values of spot size W=6 um, 8 um. This comparison reveals a clear decrease in the power of the patterns 
when the value of W increases to 8 um. Figure 7 displays the power distribution of the induced patterns when 
working with optical windows is compared to 850 nm,1300 nm, and 1600 nm within a radial displacement of 
D=26 um. It was found that the higher wavelength of 1600 nm contributed to the induction of lower-order 
modes with a higher typical power than the typical ability of the induced modes to work at other 
wavelengths. Changing the radial displacement to 13 um elicits lower-order patterns and by comparing the 
typical power distribution for lengths (850, 1300, 1600) nm. It is found that increasing the wavelength 
induces lower-order patterns with higher modular power, as shown in Figure 8. 


P(%) 
P(%) 


Figure 5. Relationship of optical power with Figure 6. Relationship of optical power with modes at 
modes at 850 um wavelength and 100 m fiber 850 um wavelength and 100 m fiber length with radial 
length for different radial displacement displacement D=20 um & W=(6,8) um 


D=(10,20) um & W=(4,6) um 


Figure 7. The effect of wavelengths on the Figure 8. The effect of wavelengths on the distribution 
distribution of optical power of induced patterns of optical power of induced patterns for D=13 um 
for D=26 um 


4. CONCLUSION 

In this research, an analytical study and simulation of the MGDM assembly system were conducted, 
taking into account the different conditions of agitation and reception on the work of this system. It is used 
MATLAB program to obtain the best conditions for agitation. Low-order patterns are induced at low F radial 
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displacements close to the fiber axis, and by increasing F displacement; high-order patterns are induced. 
Increasing the spot size w induces patterns of a lower order, but with less typical power than the distributed 
power of the patterns in the case of spot size of lower value. The capacity of the MGDM system was studied 
and compared with a different number of channels. Finally, it was noticed that the capacity of the system 
increases with the increasing in the number of channels. 


ACKNOWLEDGEMENTS 
The college of engineering at  Mustansiriyah University in Baghdad, Iraq, 
https://uomustansiriyah.edu.iq/, is acknowledged by the authors for its assistance in creating this work. 


REFERENCES 

[1] T. Mizuno and Y. Miyamoto, “High-capacity dense space division multiplexing transmission,” Optical Fiber Technology, vol. 35, 
pp. 108-117, Feb. 2017, doi: 10.1016/j.yofte.2016.09.015. 

[2] M. Aljanabi, “Resonance frequency analysis of laser optical fiber based on microcantilever,” International Journal of Electrical 
and Computer Engineering (IJECE), vol. 9, no. 4, pp. 3090-3099, Aug. 2019, doi: 10.11591/ijece.v9i4.pp3090-3099. 

[B] K. Benyahya et al., “Multiterabit transmission over OM2 multimode fiber with wavelength and mode group multiplexing and 
direct detection,” Journal of Lightwave Technology, vol. 36, no. 2, pp. 355-360, Jan. 2018, doi: 10.1109/JLT.2017.2779825. 

[4] J. Chen et al., “Experimental demonstration of 60 Gb/s optical OFDM transmissions at 1550 nm over 100 m OMI MMF IMDD 
system with central launching,” Chinese Optics Letters, vol. 15, no. 6, p. 060603, 2017, doi: 10.3788/COL201715.060603. 

[5] M. J. Mohsin and I. A. Murdas, “Designing an optical frequency comb generator for visible light communication applications,” 
International Journal of Electrical and Computer Engineering (IJECE), vol. 12, no. 1, pp. 471—477, Feb. 2022, doi: 
10.11591/ijece.v12i1.pp471-477. 

[6] M. Calzavara, R. Caponi, and F. Cisternino, “Selective excitation of annular zones in a graded index multimode fiber,” Journal of 
Optical Communications, vol. 5, no. 3, pp. 82-86, Jan. 1984, doi: 10.1515/joc-1984-0302. 

[7] D. Wang et al., “Demonstration of an 8x25 -Gb/s optical time-division multiplexing system,” Optics Communications, vol. 403, 
pp. 87-91, Nov. 2017, doi: 10.1016/j.optcom.2017.07.011. 

[8] N. A. A. Elhag, A. A. Osman, and M. A. B. Mohammad, “A quantitative comparison of space receive diversity techniques for 
massive multiple input multiple output system,” International Journal of Engineering Research & Technology (IJERT), vol. 4, no. 
08, pp. 724-728, 2015. 

[9] S. K. Ibrahim and S. A. Abdulhussien, “Performance enhancement of maximum ratio transmission in 5G system with multi-user 
multiple-input multiple-output,” International Journal of Electrical and Computer Engineering (IJECE), vol. 12, no. 2, pp. 1650- 
1658, Apr. 2022, doi: 10.1159 l/ijece.v12i2.pp1650-1658. 

[10] X. Chen et al., “Universal fibers for both single-mode and multimode transmissions in data centers,” in Optical Fiber 
Communication Conference, 2018, p. W3C.2, doi: 10.1364/OFC.2018.W3C.2. 

[11] T. Nishio and T. Numai, “Dependence of total bandwidth and four-wave-mixing noises in FDM optical fiber transmission 
systems on the number of base units,” Optics Communications, vol. 286, pp. 313-317, Jan. 2013, doi: 
10.1016/j.optcom.2012.07.067. 

[12] M.-J. Li, “MMF for high data rate and short length applications,” in Optical Fiber Communication Conference, 2014, pp. 1-3, 
doi: 10.1364/OFC.2014.M3F.1. 

[13] A. G. W. G. Wadday, F. M. Ali, and H. J. M. Albattat, “Design of high scalability multi-subcarrier rof hybrid system based on 
optical CDMA/TDM,” Indonesian Journal of Electrical Engineering and Computer Science, vol. 21, no. 2, pp. 927-937, Feb. 
2021, doi: 10.1159 1/Ajeecs.v21.i2.pp927-937. 

[14] A. Rafay, S. M. Idrus, K. M. Yusof, and S. H. Mohammad, “A survey on advanced transmission technologies for high bandwidth 
and good signal quality for high-speed railways,” Indonesian Journal of Electrical Engineering and Computer Science, vol. 23, 
no. 1, pp. 293-301, Jul. 2021, doi: 10.1159 l/ijeecs.v23.i1.pp293-301. 

[15] N. Elhajrat, O. Elouatssi, A. E. Abbassi, F. Essahlaoui, and M. Aftatah, “Study of optical MIMO transmission systems using the 
MGDM multiplexing technique,” Modern Applied Science, vol. 14, no. 1, p. 34, Dec. 2019, doi: 10.5539/mas.v14n1p34. 

[16] V.-D. Phan, M. Tran, and Q. S. Vu, “Novel recommendation for enhancing optical properties of CP-WLEDs by Ba2SiSN8Eu2+ 
phosphor,” International Journal of Electrical and Computer Engineering (IJECE), vol. 11, no. 2, pp. 1063—1067, Apr. 2021, doi: 
10.1159 1Ajece.v 11i2.pp 1063-1067. 

[17] S. Bae, B. G. Kim, M. Kim, and Y. C. Chung, “Simple SSMF-based two-channel MGDM system operating in the 0.8 um 
wavelength region,” Optics Letters, vol. 46, no. 7, pp. 1608—1611, Apr. 2021, doi: 10.1364/0L.418690. 

[18] J. Mirza, S. Ghafoor, and A. Hussain, “All-optical generation and transmission of multiple ultrawideband signals over free space 
optical link,” Optical Engineering, vol. 58, no. 05, May 2019, doi: 10.1117/1.0E.58.5.056103. 

[19] F. Baklouti and R. Attia, “Increasing the capacity of O-MIMO systems using MGDM technique by transfer matrix 
decomposition,” in 2013 International Conference on Electrical Engineering and Software Applications, Mar. 2013, pp. 1-6, doi: 
10.1109/ICEES A.2013.6578368. 

[20] A. Favano, M. Ferrari, M. Magarini, and L. Barletta, “Capacity bounds for amplitude-constrained AWGN MIMO channels with 
fading,” in 2020 IEEE International Symposium on Information Theory (ISIT), Jun. 2020, pp. 2032-2037, doi: 
10.1109/ISIT44484.2020.9173944. 

[21] J. Mirza, S. Ghafoor, and A. Hussain, “A full duplex ultrawideband over free-space optics architecture based on polarization 
multiplexing and wavelength reuse,” Microwave and Optical Technology Letters, vol. 62, no. 12, pp. 3999-4006, Dec. 2020, doi: 
10.1002/mop.32483. 

[22] A. A. A. -Hayder, H. J. Abd, and A. S. Alkhafaji, “Transmitting audio via fiber optics under nonlinear effects and optimized 
tuning parameters based on Co-simulation of matlab and optisystemTM,” International Journal of Electrical and Computer 
Engineering (IJECE), vol. 10, no. 3, pp. 3253—3260, Jun. 2020, doi: 10.1159 l/Ajece.v10i3.pp3253-3260. 

[23] Y. Liu and H. Li, “Research on transmission performance of multiple-input multiple-output optical communication in 
atmospheric turbulence,” in 2020 12th International Conference on Measuring Technology and Mechatronics Automation 


Bulletin of Electr Eng & Inf, Vol. 11, No. 6, December 2022: 3361-3367 


Bulletin of Electr Eng & Inf ISSN: 2302-9285 O 3367 


[24] 
[25] 
[26] 


[27] 


(ICMTMA), Feb. 2020, pp. 630—633, doi: 10.1109ACMTMA50254.2020.00140. 

W. Huiqin, W. Xue, S. Jianfeng, and C. Minghua, “Average Capacity of Wireless Optical Multiple Input Multiple Output System 
with Spatial Correlation,” Acta Optica Sinica, vol. 36, no. 7, 2016, doi: 10.3788/AOS201636.0706003. 

X. Ke and H. Liang, “Airborne laser communication system with automated tracking,” International Journal of Optics, vol. 2021, 
pp. 1-8, May 2021, doi: 10.1155/2021/9920368. 

S. Iqbal et al., “Linearly polarised modes enabled PAM-4 data transmission over few-mode fibre for data centre interconnect,” 
Electronics Letters, vol. 56, no. 21, pp. 1125-1127, Oct. 2020, doi: 10.1049/el.2020.1848. 

P. J. Winzer, H. Chen, R. Ryf, K. Guan, and S. Randel, ‘““Mode-dependent loss, gain, and noise in MIMO-SDM systems,” in 20/4 
The European Conference on Optical Communication (ECOC), Sep. 2014, pp. 1-3, doi: 10.1109/ECOC.2014.6963888. 


BIOGRAPHIES OF AUTHORS 


Zahraa Hummam Ô E] E3 & was born in Baghdad (Iraq), in 1981, She received the B.Sc.& 
master’ s degree in laser and optoelectronic engineering from the University of AL Nahrain, 
Baghdad, Iraq, in 2002 and 2005, respectively. She is currently a Lecturer of the physics & 
optical fiber, Department of Electrical Engineering, University of Mustansiriyah. Her research 
interests are in optical fiber communication, laser, and thin film surface plasmon. She can be 
contacted at email: zhm_2013 @uomustansiriyah.edu.iq. 


Radhi Sehen Issa © ÉJ I> was received his B.Sc. degree in Electrical Engineering 
(Honours) from Mustansiriyah University, College of Engineering, Baghdad, Iraq, in 2000. He 
obtained his M.Sc. degree in Electronics & Communications Engineering from Mustansiriyah 
University, College of Engineering, Baghdad, Iraq, in 2012. He currently holds the position of 
Associate Lecturer in the department of Electrical Engineering at Mustansiriyah University. 
His research interests include electronics, microcontroller, antennas design and 
implementation. He can be contacted at email: radhi.sahan @uomustansiriyah.edu.iq. 


Sadiq Ahmed D 4 BS & was born in Baghdad (Iraq), in 1978. He received the B.Sc. degree 
in electrical engineering the master’s degree in communication engineering from the 
University of Mustansiriyah, Baghdad, Iraq, in 2000 and 2003, respectively. The Ph.D. degree 
in microwaves and antenna engineering from the University of TU Chimnitz, Chimnitz, 
Germaney, in 2018. He is currently a Lecturer of the antenna and microwaves, Department of 
Electrical Engineering, University of Mustansiriyah. His research interests are in microstrip 
antenna, UWB antenna, and metamaterials and arrays design. He can be contacted at email: 
drsadiq18 @uomustansiriyah.edu.iq. 


Studying the effect of changing Input conditions on MMF using MGDM technique (Zahraa Hummam) 


